The M w 8.0 2003 Tokachi-oki earthquake offshore Hokkaido is the largest earthquake observed to date by a dense GPS network (GEONET). These GPS data are important both for resolving the geodetic signature of the earthquake itself and studies of postseismic deformation. Because GPS positions are generally estimated by averaging 24 hours of observations, it can be difficult to separate the effects of the earthquake and early postseismic deformation. In order to address this difficulty, a Kalman filtering methodology is developed that allows the estimation of the static offsets for the mainshock, its largest aftershock, and postseismic deformation in the first 24 hours. The static offsets computed for this study can be used for earthquake rupture studies while the early postseismic data can be used to evaluate frictional properties of the fault.
Introduction
Continuously operating GPS networks are now routinely used to estimate the "static" offsets associated with large earthquakes. Typically the position of each receiver is estimated by averaging data from the previous 24 hours and then comparing it to a position estimated by averaging the next 24 hours of data. This methodology is adequate if there is no significant postseismic deformation in these first 24 hours. Depending on the location of near-fault GPS sites, measurements made in the vicinity of great earthquakes, on the other hand, will most certainly require a different data analysis strategy. Even the very small 2004 Parkfield earthquake (M 6) showed significant postseismic deformation in the first 24 hours (Langbein et al., 2005) . Great earthquakes are also sometimes preceeded or followed by very large earthquakes, called foreshocks and aftershocks. These further complicate the estimation of static offsets for the mainshock. In this paper a geodetic processing method is described that can accurately resolve both static offsets and immediate postseismic deformation. By estimating them simultaneously, the estimated values are more likely to be consistent. The static offsets can be used in fault rupture models by constraining cumulative slip, whereas the transient position changes are of great interest for studying the mechanical behavior of faults.
Tokachi-oki Earthquake
The focus of this paper is the M s 8.0 Tokachi-oki earthquake (Yamanaka and Kikuchi, 2003) . The mainshock occurred on 2003 September 25 at 19:50 UTC. The epicentral location was ∼80 km offshore Hokkaido, the northern Copyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
island of Japan (Fig. 1) . The rupture was close to the location of the 1952 Tokachi-oki earthquake (Yamanaka and Kikuchi, 2003) . Horizontal deformation in Hokkaido exceeded 1 meter (Miura et al., 2004) , with vertical deformation of 20 cm observed along the southern coast nearest the epicenter. Seventy-eight minutes after the mainshock, a M s 7.4 aftershock occurred. The location of its epicenter is also shown in Fig. 1 .
The GPS network (GEONET) dedicated to geodesy and geophysics in Japan is operated by the Geographical Survey Institute (GSI). It consists of more than 1000 receivers/stations (Miyazaki et al., 1997) . GEONET records and distributes GPS measurements at a 30-second sampling rate. At the time of the Tokachi-oki earthquake the GEONET sites were operated with Trimble 5700 GPS receivers and choke-ring antennas. Each receiver has a backup power system, thus ensuring that the instrument will operate if a large earthquake removes local power sources. Very few 30-second GPS data were lost during the Tokachioki earthquake sequence, providing the best GPS recording of a great earthquake ever made. A total of 55 sites from Hokkaido and the northern portion of Honshu will be used in this study (Fig. 1) . Additional sites used in the analysis are located on the Japanese island of Honshu (USUD), Russia (YAKT) and China (WUHN); their data are coordinated by the International GNSS Service (IGS). Information about these sites can be found at http://igscb.jpl.nasa.gov.
Static offsets for the Tokachi-oki earthquake have previously been estimated by GSI (2003) and were used by Koketsu et al. (2004) in their joint seismic-geodetic slip inversion and by Miura et al. (2004) . Because of the large aftershock, the post-earthquake position was based on data between 20:00 and 21:00 UTC on September 25. To study postseismic deformation following this earthquake sequence, static offsets for this aftershock must also be es- 
GPS Analysis

Parameter estimation
Except for its treatment of position changes, the GPS data used in this study were analyzed using fairly standard techniques and the GIPSY software (Lichten and Borders, 1987) . Precise IGS orbits (http://igscb.jpl.nasa.gov) defined in the ITRF2000 reference frame (Altamimi et al., 2002) were held fixed along with ITRF2000 station coordinates for YAKT. The positions of two other sites, USUD and WUHN, were also not allowed to vary with time. USUD was used as the reference clock.
Although daily positions are generally estimated along with azimuthal gradient terms for the troposphere (Miyazaki et al., 2003) , because we are estimating stochastic positions, only a single time-varying zenith delay was estimated for each site. This strategy may not be appropriate for a region that experiences significant azimuthal variations in water vapor distribution. The Niell (1996) mapping function is used to relate zenith delays to the measurements. Other estimated parameters are satellite and receiver clocks and carrier phase ambiguities. Improved phase center variations of Hatanaka et al. (2001) were used to correct the GEONET data. P1-C1 biases from CODE were used to allow mixing of Trimble (GEONET) and Ashtech receivers (YAKT, USUD, and WUHN). Over 95% of carrier phase ambiguities were resolved (Blewitt, 1989) . Ocean tide loading corrections were obtained from the Onsala Ocean Loading Provider (http://www.oso.chalmers.se/∼loading/) using GOT00.2 (Goddard Ocean Tide Model). Because of computational limits in GIPSY, the data were analyzed in 10 subnetworks consisting of 8 stations: 5 GEONET sites along with YAKT, USUD, and WUHN. Data from 2003 September 25 00:00 through 2003 September 27 08:00 UTC were used; positions were output every 4 minutes.
Kalman filtering
As with all GPS data, independent 30-sec position estimates are contaminated by the effects of satellite geometry and multipath. In order to suppress these errors, we have taken advantage of the Kalman filter embedded in the GIPSY software (Lichten and Borders, 1987) . The software allows white noise, colored noise, and random walk estimation of position. Of these three, random walk estimation has been shown to work well to suppress noise in volcanic monitoring environments (Larson et al., 2001) where deformation is slowly varying. This processing technique would not work well where there are large ground displacements such as those caused by an earthquake. For earthquakes, a white noise position estimation technique is preferred because no assumptions are made about the nature of the deformation. For this reason, white noise position estimation has been used extensively to measure seismic waves, e.g. Larson et al. (2003) and Miyazaki et al. (2004b) . Unfortunately, the trade-off one makes by using white noise estimation is that very large geometric/multipath signals are still present in the time series. Figure 2 illustrates the challenges associated with using a white noise position estimation stategy. Station 0003 is approximately 330 km from the epicenter, so only the mainshock is visible in the timeseries. From visual inspection of the time series before and after the mainshock, it is clear that the horizontal components are much better determined than the vertical component. Note also that the noise in the position estimates is not randomly distributed, with large systematic signatures in all three components. The systematic noise is particularly pronounced for the vertical component. The estimate of the static offsets-for the mainshock in this example-is thus heavily influenced by which averaging (e.g. 15 minutes, 5 minutes) interval one uses. For this particular earthquake, at least for the sites near the epicenter, one is restricted to using no more than one hour be- cause of the large aftershock which caused significant displacements in this region. Much of the geometric/multipath noise seen in Fig. 2 can be removed if 1-Hz GPS data are available for multiple days (Johnson et al., 2006; Larson et al., 2007) . The extra days of data are needed to create an empirical noise correction profile. Since most GPS monitoring systems operate at 30-sec, this approach is only available for a limited number of datasets. For the Tokachi-oki dataset, most of the 1-Hz data near the epicenter were lost when the telemetry systems lost power. The 30-second sampled data, however, are complete. Thus an analysis technique developed for the 30-sec dataset, that combines white noise position estimation at the times of the earthquakes with random walk parameterization (Larson et al., 2001 ) at other times would yield both precise static offsets and postseismic deformation.
Filtering strategy
GIPSY was modified for this paper so that the position estimates are modeled as tightly constrained random walks before and after the earthquake, but modeled as a white noise process (a priori standard deviation of 100 meters) at the time of the earthquakes. Before addressing the signals from the mainshock and aftershock, this technique was first used to evaluate whether a null signal could be resolved. The twenty hours of data before the mainshock were used for this purpose. A whitenoise offset was estimated at the mid-point of the data (10:00 UTC). The "static offset" of the earthquake was then calculated for each component for each of the 55 GEONET sites (no static offsets were estimated for USUD, YAKT, or WUHN). The mean and standard deviation of the static offsets are reported in Table 1 .
The noise in the position estimates will be controlled by the process noise standard deviation, or σ rw . This parameter is given in units of the square root of the position variance per time. Larson et al. (2001) suggested values of 1-7.5×10 −8 km/ √ sec (equivalent to 0.06-0.45 cm/ √ hr) should be used, depending on how rapidly deformation is taking place (units for σ rw will hereafter be assumed to be km/ √ sec). A volcanic inflation event documented in that paper, with 4 cm of displacement in several hours, was suppressed by a small σ rw value of 1 × 10 −8 . For the slower postseismic displacements expected for the Tokachioki event (4 cm in 24 hours for the site closest to the epicenter), a value 1 × 10 −8 is not likely to suppress the signal. Initial simulations tested for various σ rw values reached the same conclusion (Choi, 2007) . The null statistics for a σ rw value of 1 × 10 −8 are reported as test 1 in Table 1 . Unfortunately, the statistics reported for this null signal test also showed there to be a bias in the north component of 5 mm. Since Choi (2007) work was not sufficient. When a third fixed site was added, WUHN (test 2), the north component bias was reduced to a negligible level, 0.4 mm. In test 3 a looser σ rw of 2.5 × 10 −8 was used; this constraint significantly degraded how well the null signal could be resolved. The final test was made in an effort to improve the vertical precision. Choi (2007) used a very loosely constrained zenith troposphere term, σ rw of 1 × 10 −7 . Reducing this value to 5 × 10 −8 (test 4) produced significantly better vertical precision and a smaller bias (reduced from 11 to 9 mm) than for previous tests. Final solutions for the Tokachi-oki data analysis will use the extra reference site (WUHN), position random walk constraint of 1 × 10 −8 and troposphere constraint of 5 × 10 −8 . The horizontal results for test 4 are shown in Fig. 3 . Based on the 55 stations used in this study, the standard deviations for the east, north, and vertical static offsets are expected to be on the order of 3, 4, and 9 mm.
Results
To avoid corrupting the static offsets with dynamic displacements for the mainshock, 5 minutes of data after the epoch time were removed. The static offset is subsequently removed from each component timeseries by subtracting the offset estimated for the epoch time. An identical procedure was used to remove the static offset for the M 7.4 aftershock, although a smaller time-window of data was removed (2 minutes). Although one would not expect a mea- surable static offset at far sites for the aftershock, it was estimated for all stations to ensure that all sites were treated consistently. Typical results for the network are shown first as time series. In Fig. 4 , a time series for station 0003 is shown again, using the same y-axis limits as Fig. 2 . The displacements for the site are now much smoother than the whitenoise es- 
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Aftershock Fig. 8 . Static offsets for the M 7.4 aftershock. The scale for displacement is 5 times larger than that used in Fig. 7 . One standard deviation uncertainties are 3, 4, and 9 mm for the east, north, and vertical components, respectively.
timates shown in Fig. 2 . We emphasize that smoothness of the position estimates should not be interpreted that the solutions are free of error. Position changes for this site are clearly seen in the 20 hours before the earthquake that are unlikely to be true ground deformation. No significant deformation is seen at the time of the M 7.4 aftershock (<5 mm), and no significant postseismic deformation is observed either. This is not surprising given the distance of The smoothed time series in Fig. 5 also suggest that there was little deformation at site 0019 between the earthquakes. In Fig. 6 , we show both the white noise position estimates and the smoothed time series for site 0019, along with sites closest to the epicenters: 0142, 0144, and 0532. These time series show that noise characteristics vary by site; for example, site 0532 shows significantly greater noise than the other 3 sites. They also confirm that there were not large displacements at any of the sites in the time period between the earthquakes, confirming that the smoothness constraint is not suppressing estimation of ground motion. A compilation of the mainshock static offsets determined for this dataset is shown in Fig. 7 and tabulated in Tables 2-3 . These results are in qualitiative agreement with previous geodetic studies of the earthquake (Koketsu et al., 2004; Miura et al., 2004) . The largest displacements are along the southern tip of Hokkaido. To the northeast, the static offsets show much smaller but significant northeastward displacments. No significant static displacements are estimated for the sites on Honshu. The aftershock static offsets are reported in Fig. 8 and Tables 2-3. Only the sites in the southern most tip of Hokkaido record significant static offsets. Note the scale difference between Figs. 7 and 8 ; this has the effect of emphasizing the uncertainty in the static offsets which was difficult to see in Fig. 7 . The static offsets for both the mainshock and aftershock can be used to provide cumulative slip constraints on rupture models (Wald and Graves, 2001) . Updated cumulative slip models based on these estimates are available in Miyazaki and Larson (2008) .
A snapshot of early postseismic deformation is shown in Fig. 9 (at the same scale as was used for the aftershock in Fig. 8) . While insignificant at the vast majority of GPS sites (Honshu and far coastal sites on Hokkaido), southern coastal regions of Hokkaido experienced 20-55 mm of horizontal displacement. For example, sites 0019 and 0532 move almost as much in the first 24 hours as they did during the M 7.4 aftershock. The displacements from the mainshock, aftershock, and initial postseismic deformation are summarized in Fig. 10 . Although the scale has been compressed for the mainshock, this figure makes it clear that the pattern of deformation for the three time periods is quite different. Postseismic displacements can be seen throughout the network, whereas displacements due to the aftershock are concentrated near the epicenter. Displacements due to the mainshock are rotated eastwards relative to the postseismic displacements. By using one sensor, GPS, displacements for both seismic and aseismic displacements can be quantitatively assessed, providing critical information for studies of fault properties. The tuned Kalman filter provides an effective means of both estimating static offsets and suppressing time-varying GPS errors. No a priori information is used other than the times of the two earthquakes, which are used to define the white noise position updates. Drawbacks of the method are that the correlated nature of noise in subdaily GPS time series is ignored and no geophysical model is assumed for motion. An alternative method of studying postseismic deformation with GPS data uses the Network Inversion Filter of Segall and Matthews (1997) . This methodology uses a geophysical model that contrains motion according to userdefined faults, while allowing for common-mode errors that are known to exist in GPS time series. Although more typically used with daily position estimates (e.g. Miyazaki et al., 2004a) , Miyazaki and Larson (2008) utilized the Network Inversion Filter with the white noise position estimates for this event, simultaneously removing commonmode errors. They used the static offsets from Tables 2-3 to remove the effects of the mainshock and aftershock. They found that afterslip propagation is non-uniform, changing in the time period between the earthquakes and after the large aftershock. This is consistent with the changes in deformation rate seen in the individual time series produced for this study. The Tokachi-oki slip history is also consistent with non-uniform frictional properties on the plate interface.
Discussion and Conclusions
A methodology has been developed and tested for measuring coseismic and postseismic deformation using continuously operating GPS sites. Rather than rely on a traditional GPS analysis that uses 24-hour averages of GPS observations to calculate position, this method uses a tuned Kalman filter to allow both rapid position changes associated with earthquakes and rapid postseismic deformation. While this study used the Kalman filter from the GIPSY software, other GPS softwares could also be used. For these softwares the position estimates should be estimated independently, followed by a Kalman filter that can be run offline.
The Tokachi-oki earthquake provides an ideal GPS dataset for this study. The GPS network in operated during this great earthquake without significant data outages. The continued expansion of the GPS constellation and the orbit accuracy provided by the International GNSS Service makes it possible to estimate high-rate positions with much greater precision than would have been possible when GEONET was first installed over 10 years ago.
